Introduction
Film boiling is a post critical heat flux (CHF) regime with such a high surface temperature, that the wall can not contact with the liquid, but is covered by the vapor and thus has relatively low heat transfer efficiency due to poor heat conductivity of the vapor. The film boiling is encountered in various practices, e.g., the metallurgy, the refrigeration, the chemical and power engineering, etc.. In a postulated break loss of coolant accident of nuclear reactors the uncovered core would experience this regime, and the maximum fuel temperature would be primarily dominated by the heat transfer of film boiling. Due to its significant importance to the applications the film boiling has received extensive investigations both experimentally and theoretically. It was one of three subjects in a coordinated research program on Thermal-hydraulic relationships for advanced watercooled reactors, which was organized by the International Atomic Energy Agency (1994 -1999) . A comprehensive review on these investigations has been presented in the technical document (IAEA-TECDOC-1203 , 2001 In film boiling the heat is transferred from the wall to the vapor, then from the vapor to the liquid, characterized by non-equilibrium. The interaction between two phases dominates the vapor generation rate and the superheat, associated with extremely complicated characteristics. This presents a major challenge for the estimation of heat transfer because of less knowledge on the interfacial processes. In particular, due to the peculiar feature of the boiling curve it is difficult to establish the film boiling regime at stable condition in a heat flux controlled system by using a conventional experimental technique. As shown in Fig.1 , the stable film boiling regime can only be maintained at a heat flux beyond the CHF, which associates with an excessively high surface temperature for water. But for a heat flux, q, below the CHF, the regime can not be maintained stably at the post-CHF region (F or T), but at the pre-CHF region (N). The experimental data on film boiling were mostly obtained with refrigerant or cryogenic fluids, and the data of water were generally obtained in a temperature-controlled system or at transient condition with less accuracy. Since a so-called hot patch technique was developed for establishment of the stable film boiling regime (Groeneveld, 1974 , Plummer, 1974 , Groeneveld & Gardiner, 1978 , a large number of experimental data have been obtained (Stawart & Groeneveld, 1981 , Swinnerton et al., 1988 , Mossad, 1988 . Based on the data base various physical models have been proposed (Groeneveld & Snoek, 1984 , Groeneveld, 1988 , Mossad & Johannsen, 1989 , and the tabular prediction methods have been developed for fully-developed film boiling heat transfer coefficients (Leung et al., 1997 , Kirillov et al., 1996 .
Fig. 1. Typical boiling curve
In 1984 a directly heated hot patch technique was applied by the authors to reach higher heat flux, enabling the steady-state experiment to cover extended range of conditions (Chen & Li, 1984) . The results fill the gaps of data base, especially in the region of lower flow, where thermal non-equilibrium is significant, associated with much complicated parametric trends and strongly history-dependent features of the heat transfer coefficient (Chen, 1987 , Chen et al., 1989 , Chen & Chen, 1994 . With these unique data the film boiling has been studied systematically and the prediction methods have been suggested, as will be shown in the following paragraphs.
Steady-state experimental technique
The hot patch technique is to supply separate power to a short section just ahead of the test section to reach CHF, preventing the rewetting front from moving forward. It was first used in freon and nitrogen experiments (Groeneveld, 1974 , Plummer, 1974 . To increase the power of hot patch for the experiment of water, it was improved by Groeneveld & Gardiner (1978) , using a big copper cylinder equipped with a number of cartridge heaters. To reach further high heat flux, a directly heated hot patch technique was applied by the authors (Chen & Li, 1984) . As shown schematically in Fig.2 , the test section included two portions, AB and BC, with each heated by a separate supply. The length of section AB was 10 -25 mm. Near the end (B) the wall thickness was reduced locally, so that a heat flux peak can be created there by electric supply due to higher electric resistance. During experiment, at first the inlet valve of the test section was closed, and the water circulation was established in a bypass at desired pressure, flow rate and temperature. The test section was then heated by switching on two supplies with it in empty of water. When the wall temperature reached above 500 °C, the flow was switched from the bypass to the test section. As the rewetting front moved upward the power to the upstream section was increased to reach CHF at the end (B), where the rewetting front was arrested without an excessive increase in the wall temperature as a result of axial heat conduction. In the same way, another rewetting front was arrested at the end of section BC by the upper hot patch. Therefore, the stable film boiling regime was maintained on the section BC with heat flux below the CHF . Shown in Fig.3 are the pictures of stable film boiling in an annulus for different water temperatures with the hot patch on and a reflooding transient with the hot patch off.
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Characteristics of the heat transfer in film boiling
The term "film boiling" was originally used for a post-CHF regime in a pool, characterized by the wall separated from the stagnant liquid by a continuous vapor film. It was then used in forced flow, though the flow pattern varied with the enthalpy in the channel. It includes two major regimes: 1) the inverted annular film boiling (IAFB), which occurs at subcooled or low quality condition, and 2) the dispersed flow film boiling (DFFB), which occurs at saturated condition with the void fraction larger than around 0.8. In IAFB the vapor film separates the wall from the continuous liquid core, in which some bubbles might be entrained for saturated condition. The DFFB is characterized by liquid droplets entrained in the continuous vapor flow. It can be resulted from break-up of the IAFB or from dryout of the liquid film in an annular flow. Fig.4 shows the film boiling regimes in a bottom reflooding transient at different flooding rates.
(a) lower inject rate (b) higher inject rate Fig. 4 . Film boiling regimes during reflooding with different flooding rates (Arrieta & Yadigaroglu, 1978) www.intechopen.com
Heat Transfer in Film Boiling of Flowing Water
239
Typical experimental results are exemplified in Fig.5 , where the heat transfer coefficient distributions in a tube for different inlet qualities are displayed by h (= q w /(T w -T s )) versus x E . For subcooled (run no.1) and low quality (run no. 2) inlet condition the post-CHF region initiates with IAFB followed by DFFB. While for relatively high inlet quality (run no. 3 and 4) the DFFB covers the whole post-CHF region. As seen, lower heat transfer coefficients are attained in the transition region. 
Inverted annular film boiling
In IAFB the heat is transferred by convection and radiation from the wall to the vapor, subsequently from the vapor to the interface with liquid. For subcooled condition it is then partially transferred to the liquid core. At the interface the vaporization takes place and the vapor generation rate is determined by the heat flux to the interface minus that to the liquid core. As the increase of vapor generation the vapor flow in the film may transit from laminar to turbulent. Furthermore, the interaction between two phases could result in interface oscillation, having enhancement effect on the heat exchange in both the vapor film and the liquid core.
3.1.1 Effects of the pressure, mass flux and subcooling Fig.6 shows the distributions of heat transfer coefficients (h = q w /(T w -T s )) under different conditions. For lower flow with higher subcooling the h decreases rapidly with distance, while as subcooling decreasing the h decreases, and the trend becomes mild ( Fig.6(a) ). For higher flow with higher subcooling a maximum h is attained at a few centimeters from the dryout point ( Fig.6(b,c) ). In this case the thickness of vapor film is very small, so the interface oscillation could lead to dry-collision between liquid and wall, resulting in a substantial increase in the h. For low inlet subcooling the variation of h along the length is not substantial (Fig.6(f) ). This suggests that as the distance increases the negative effect of the increase in thickness and the positive effect of disturbance in the vapor film are comparable on the heat transfer.
At higher pressure the heat transfer coefficients are generally higher than those at lower pressure for low subcooling or saturation condition (Fig. 6(e, f) . An opposite effect is observed for higher flow and higher subcooling (Fig. 6(d) ). This can be explained in terms of the thickness of vapor film and the interface oscillation. Higher pressure corresponds to smaller volumetric vapor generation and thus smaller thickness of the film.
Fig. 6. Variation of the heat transfer coefficient in IAFB under different conditions (Chen, 1987) www.intechopen.com
Heat Transfer in Film Boiling of Flowing Water 241
It results in higher h for low subcooling or saturated condition. Nevertheless at higher flow and higher subcooling the film is very thin, and for lower pressure there could exist stronger interface oscillation, even dry-collision of liquid to wall, which has predominant effect on the heat exchange in both the vapor film and the liquid core. While for higher pressure this effect is less important due to less interface oscillation.
Effect of the preceding heating
To clarify the effect of preceding heating, an additional power supply was provided to a section of L = 225 mm immediately ahead of AB (with heat flux q 0 ). When the q 0 exceeded a value for the onset of boiling a substantial fall in the T w was attained over the first about 100 mm for fixed p, G and ∆T s at the dryout point, as shown in Fig.7 (Chen, 1987) . In this case a bubble layer was produced upstream, which was determinant for the vapor flow rate and the interfacial oscillation over a certain length near the dryout point. For high subcooling the vapor film was very thing, and this effect could be more substantial. Nevertheless, at a q 0 without boiling the T w near the dryout point was increased slightly. In this case a temperature profile was developed in the subcooled liquid core, which would result in lower heat transfer coefficient from the interface to liquid core, compared to that with uniform core temperature for the same average temperature. Fig. 7 . Effect of the preceding heating power on the wall temperature (Chen, 1987) 
Dispersed flow film boiling
In DFFB the heat is transferred from the wall to the vapor, then from the vapor to the liquid droplets entrained in the continuous vapor flow. The wall temperature is mainly dominated by the vapor convection heat transfer and the vapor temperature. The liquid droplets would induce some disturbance for the vapor convection, and the vapor-droplet interfacial heat www.intechopen.com
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Effects of the pressure, mass flux and inlet quality
Typical distributions of the h (= q w /(T w -T s )) along the length are shown in Fig.8 . In general, as distance increases from the dryout point, at first the h decreases rapidly. For lower flow it decreases monotonously over the whole length, though the trend becomes milder downstream. For higher flow the h turns to increase after a certain distance. This behavior varies distinctly with pressure. At p < 0.2 MPa , for instance, the increase trend in the h is observed at mass flux below 300 kg/m 2 s, while for higher pressure it is attained at higher mass flux. In addition to the local parameters, p, G and x e , the inlet quality (at the dryout point) has a significant effect on the h. As seen, for the same pressure and mass flux with different inlet quality, different h may be attained at a fixed local x e , and higher h corresponds to higher inlet quality, exhibiting a strongly history-dependent feature. This is understandable due to the fact that to reach a same x e the flow with higher inlet quality subjects to less heat transfer and thus less superheat of vapor. At low flow this effect is so significant, that the fully- : DFFB preceded by IAFB (Chen et al., 1991 (Chen et al., , 1992 (Chen et al., , 1994b 
Effects of other factors
The effect of heat flux on the h is shown in Fig.9 . Higher heat flux corresponds to higher h. This is mainly attributed to the increase in the radiation heat transfer due to higher wall temperature at higher heat flux. Fig.10 shows the effect of diameter on the h. In general, smaller diameter corresponds to lower heat transfer coefficients over the downstream. It is expectable that for same heat flux and mass flux smaller diameter corresponds to greater increase rate of the enthalpy along the length, leading to stronger thermal non-equilibrium and thus lower h. 
Thermal non-equilibrium
The complicated parametric trends of the heat transfer in DFFB are closely related to the thermal non-equilibrium, which is determined by the fraction of total heat to the vapor for superheating. The following thermal non-equilibrium parameter was defined by Plummer et al. (1977) , where the v T and s T are the vapor temperature and saturation temperature, respectively, the x 0 is the quality at the dryout point, and the x and x e are the local actual quality and equilibrium quality, respectively.
The case of K = 1 represents the thermal equilibrium, in which all the heat from the wall goes to liquid for evaporation and the vapor temperature keeps at constant (T s ), so the h increases along the length as the vapor flow rate increasing. The case of K = 0 represents that all the heat goes to the vapor for superheating without vapor generation, so the w T increases as the v T increasing and thus the h decreases monotonously. Fig.11 illustrates the substantial effect of the K on both the values and the trends of the heat transfer coefficient. Using a technique to prevent the probe from striking by the liquid droplets and from the effect of radiation, the data of vapor superheat were successfully obtained in steady-state film boiling experiments near the exit of test section (Chen, 1992 , Chen & Chen, 1994a . The values of K and ratio of (T v -T s )/(T w -T s ) were then evaluated from the vapor superheats measured at 2 m from the dryout point, as shown in Fig.12 . For low X 0 , the K decreases as X 0 increasing. At certain increased X 0 the trend becomes milder. It varies distinctly with pressure, and higher K is attained at lower pressure. The ratio (T v -T s )/(T w -T s ) decreases with mass flux. For G < 100 kg/m 2 s, the (T v -T s )/(T w -T s ) is larger than 0.5, suggesting a major contribution of the vapor superheat to the wall superheat. For G < 50 kg/m 2 s the thermal non-equilibrium is much significant, so that the T v and T w increase significantly along the length, and the h (= q w /(T w -T s )) exhibits sharp decrease trend. The effects of various parameters on the thermal non-equilibrium can be explained in terms of droplet size and concentration, the vapor-droplet relative velocity and heat transfer coefficient, the properties, etc.. This is made clear in the analysis with the two-fluid mechanistic model. Fig. 11 . Variations of the heat transfer coefficient along the length for different K (p = 5.8 MPa, G = 417 kg/m 2 s, x DO =0.383, D=6.8mm) (Chen, et al., 1992) (Chen & Chen, 1994a , Chen, et al., 1992 
Minimum film boiling temperature
The minimum film boiling temperature, T min , defines the boundary between the film boiling and the transition boiling, in which the wall contacts with the liquid intermittently and thus has much higher heat transfer coefficient than the film boiling. The collapse of film boiling could be resulted from the thermodynamic limit or the hydrodynamic instability. During a fast transient it could be thermodynamically controlled, while for low flow and low pressure it is likely to be hydraudynamically controlled. Six types of the film boiling termination mechanisms have been identified: (1) collapse of vapor film, (2) top flooding, (3) bottom flooding, (4) droplet cooling, (5) Leidenfrost boiling and (6) pool boiling. Significant discrepancies were found among the existing correlations of the T min , and were attributed to the different types of the mechanism and scarcity of reliable data (Groeneveld & Snoek, 1984) . With the hot patch technique the minimum film boiling temperatures were measured in steady-state film boiling experiments by decreasing the power to the test section slowly with small steps until the collapse of film boiling occurred. The following empiric correlation was formulated from an experiment over the ranges of p = 115 -6050 kPa, G = 53 -1209 kg/m 2 s, x = -0.055 -0.08 and ∆T s = -35 -25.1 K (Chen, 1989) where the p is in kPa and the min T and T s in K. This correlation is in reasonable agreement with that derived from a similar experiment by Groeneveld and Steward (1982) . It can be recommended for type (1-4) of film boiling termination.
Predictions for the heat transfer coefficients
As described above, the film boiling is characterized by non-equilibrium in both the velocity and temperature between phases, associated with extremely complicated parametric trends. The steady-state experimental data obtained in tube with flowing water were compared with the existing correlations, and significant discrepancies were observed between them, as shown in Fig.13 . This result revealed the suspect of the correlations, and it was attributed to the lack of reliable data base and the difficulty in accounting for various physical mechanisms in a simple correlation (Stewart and Snoek, 1984) . With steadystate technique the accuracy of the experimental data was improved substantially. As shown in Fig. 14, the present steady-state data are in well agreement with those obtained by Swinnerton et al (1988) using indirectly heated hot patch technique for similar conditions.
(a) (b) Fig. 13 . Comparison of the steady-state experimental data of water with existing correlations (Stewart and Groeneveld, 1982) www.intechopen.com
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To predict the non-equilibrium characteristics in film boiling the two-fluid models are favorable, and have been proposed by many investigators (Groeneveld, 1988 , 1992 , Mossad & Johannsen, 1989 . The major challenge for these models is to simulate the interfacial heat and momentum exchanges. Due to less knowledge on these processes they were generally accounted by empiric or semi-empiric correlations. Therefore, the suitability of this kind of models is heavily determined by the ranges and the accuracy of data base. The following two-fluid models are developed based on the present experimental data. 
IAFB model
The schematic of flow structure in IAFB is shown in Fig.15 , in which the vapor film is divided into two regions, A and B, bounded with the locus of the maximum velocity line. Assuming the momentum eddy diffusivity v ε independent of r, by integrating Eq. (4) and (5) It should be noted that for subcooled condition the h near the dryout point is related to the condition at the dryout point, which is determined by the preceding heating, as described above. It is not simulated in the model, therefore, the calculation result could have appreciable uncertainty over a short length, especially for high subcooling. For low subcooling and saturated condition, this model gives satisfactory calculations for the experimental data of p = 0.1 -6 MPa, and G = 90 -1462 kg/m 2 s, as exemplified in Fig.6(f) .
DFFB model
The following two-fluid mechanistic model is based on the motion and energy equations, involving various equations for the wall-vapor-droplet heat transfer (Chen & Chen, 1994b) . The heat from the wall, q w , is transferred to the vapor by convection, q c , and radiation, q r , as 
Tabular method
The film boiling models and phenomenological equations are time consuming, because they involve a large number of constitutive equations on the heat and momentum exchanges between phases and the evaluations of many properties. Furthermore, they are only applicable for the specific test condition of individual investigator. In recent years, the tabular method has been widely accepted due to its advantages of high accuracy, wide applicable range and convenience for application and updating.
fully-developed film boiling heat transfer coefficients
Based on over 15000 film boiling data points, Leung et al. (1997) have developed a look-up table for the fully-developed film boiling heat transfer coefficients in tubes with vertical upward flow. It contains a tabulation of normalized heat transfer coefficients at discrete local parameters of pressure (0.1 -20 MPa in 14 steps), mass flux (0 -7000 kg/m 2 s in 12 steps), quality (-0.2 -1.2 in 11 steps) and heat flux (0.05 -3 MW/m 2 in 9 steps). The agreements of the calculations of this table for surface temperatures with the data are 6.7% in r.m.s. The range of flow conditions of the data base is presented in Fig.16 . It shows significant gaps in the range of low flows and medium pressures, where the thermal non-equilibrium could be significant, and the heat transfer could be strongly history-dependent.
Thermal non-equilibrium parameter
For estimation of the heat transfer coefficient in the region of lower flow, a table for thermal non-equilibrium parameter has been proposed (Chen & Chen 1998) . It formulates the nonequilibrium parameter, 0 K , for tube of D = 8 mm at concrete values of the pressure p, mass flux G and quality at the dryout point x 0 (Tab.1). The values of K 0 were produced from the calculations of DFFB model, which was validated by the data of vapor temperature measured at the steady-state film boiling experiments. The K is assumed to be related with the diameter, local quality and heat flux, as expressed by 
The calculation indicates that from the dryout point the K increases rapidly, while after a short distance it does not vary appreciably. So it is simply accounted by a proper 0 K with x F = 1. At present the expression for the q F is not available and is also set to be 1.0.
(a) (b) Fig. 16 . Ranges of conditions of the data base for Leung's Look-up table (Leung, et al., 1997) www.intechopen.com (18), respectively. The present tabular method was based on 2192 experimental data in tubes of D = 6.7 and 12 mm for pressure of 0.1 -5.8 MPa, mass flux of 23 -1462 kg/m 2 s and local equilibrium quality of 0 -1.36. The conditions of the data base are shown in Fig. 17 . The agreements of the calculations of wall temperatures with the data are 7.2% in r.m.s., as exemplified in Fig 18. 
Conclusions
Using the directly heated hot patch technique the film boiling experiments have been performed at stead-state in tubes of 6.7 -20 mm with water flowing upward, covering the ranges of pressure of 0.1 -6 MPa, mass flux of 23 -1462 kg/m 2 s and inlet quality of -0.15 -1.0. The characteristics of film boiling have been investigated systematically, including the inverted annular film boiling, the dispersed flow film boiling and the minimum film boiling temperature. A great number of data of heat transfer coefficients, the minimum film boiling temperatures and the vapor superheats have been obtained. They fill the gaps of the data base and understanding in the regions of lower flow and medium pressure. The film boiling is characterized by non-equilibrium between phases in both the velocity and temperature, associated with extremely complicated parametric trends and strongly history-dependent feature of the heat transfer coefficients. Two-fluid mechanistic models and tabular method have been proposed to predict the heat transfer coefficients satisfactorily for the inverted annular film boiling with saturated or low subcooling conditions and the dispersed flow film boiling. The results show that the heat transfer coefficient near the dryout point is closely relative to the preceding heating. Therefore the IAFB model without encountering for this effect could have appreciable uncertainties over a short length for higher subcooling condition. Over the past few decades there has been a prolific increase in research and development in area of heat transfer, heat exchangers and their associated technologies. This book is a collection of current research in the above mentioned areas and discusses experimental, theoretical and calculation approaches and industrial utilizations with modern ideas and methods to study heat transfer for single and multiphase systems. The topics considered include various basic concepts of heat transfer, the fundamental modes of heat transfer (namely conduction, convection and radiation), thermophysical properties, condensation, boiling, freezing, innovative experiments, measurement analysis, theoretical models and simulations, with many real-world problems and important modern applications. The book is divided in four sections : "Heat Transfer in Micro Systems", "Boiling, Freezing and Condensation Heat Transfer", "Heat Transfer and its Assessment", "Heat Transfer Calculations", and each section discusses a wide variety of techniques, methods and applications in accordance with the subjects. The combination of theoretical and experimental investigations with many important practical applications of current interest will make this book of interest to researchers, scientists, engineers and graduate students, who make use of experimental and theoretical investigations, assessment and enhancement techniques in this multidisciplinary field as well as to researchers in mathematical modelling, computer simulations and information sciences, who make use of experimental and theoretical investigations as a means of critical assessment of models and results derived from advanced numerical simulations and improvement of the developed models and numerical methods.
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